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the coding DNA. This nick is then converted to a double-
strand DNA break with a blunt 59-phosphorylated signal
end and a hairpin coding end. The RAG proteins (with
the help of the nonspecific DNA-binding protein HMG1)
are also capable of forming a synaptic complex specific
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Bethesda, Maryland 20892-0540 for a 12/23 pair of RSSs and performing coupled cleav-
age (van Gent et al., 1996b; Hiom and Gellert, 1998).
It has been suggested that the organization of the
RSSs at the immunoglobulin and T cell receptor loci isSummary
reminiscent of the sequences at the ends of transpos-
able elements (Sakano et al., 1979; Thompson, 1995)The RAG1 and RAG2 proteins are known to initiate
and that the close linkage of the RAG1 and RAG2 genesV(D)J recombination by making a double-strand break
also argues for derivation from a mobile DNA speciesbetween the recombinationsignal sequence (RSS) and
(Oettinger et al., 1990). More recently this connectionthe neighboring coding DNA. We show that these pro-
has been supported by studies from our laboratoryteins can also drive the coupled insertion of cleaved
showing similarities between reactions of the RAG pro-recombination signals intonew DNAsites in a transpo-
teins and the strand transfer reactions of retrovirusessitional reaction. This RAG-mediated DNA transfer
and transposons. Hairpin formation by the RAG proteinsprovides strong evidence for the evolution of the V(D)J
(Figure 1) occurs in a single transesterification step (vanrecombination system from an ancient mobile DNA
Gent et al., 1996a), similar to the strand transfer reac-element and suggests that repeated transposition may
tions of bacteriophage Mu transposase and HIV integ-have promoted the expansion of the antigen receptor
rase (Engelman et al., 1991; Mizuuchi and Adzuma,loci. The inappropriate diversion of V(D)J rearrange-
1991). Furthermore, it was recently shown that ªhybridment to a transpositional pathway may also help to
jointsº in V(D)J recombination (Figure 1) can be madeexplain certain types of DNA translocation associated
by the RAG proteins alone in vitro (Melek et al., 1998)with lymphatic tumors.
in a reaction parallel to the ªdis-integrationº promoted
by HIV integrase. Dis-integration is a reversal of theIntroduction
transpositional insertion of an HIV DNA end into a target
DNA (Chow et al., 1992), and the formation of a hybridV(D)J recombination is the process by which functional
joint, which joins a cleaved signal end to a hairpin codingimmunoglobulin and T cell receptor genes are assem-
end, is a similar reversal. Hybrid joints are still producedbled from multiple gene coding segments. Recombina-
in cells unable to make coding joints or signal jointstion is directed by specific recombination signal se-
because of defects in double-strand break repair; thus,quences (RSS), which are situated adjacent to every
hybrid joints are probably formed by the RAG proteinscoding segment. An RSS is composed of conserved
in vivo as well (Bogue et al., 1997; Han et al., 1997).heptamer and nonamer motifs separated by a relatively
In this paper we extend this pattern of similaritiesnonconserved spacer region of either 12 bp or 23 bp,
with transposases by showing that the RAG proteinsand efficient recombination requires one RSS of each
are capable of transferring cleaved RSS ends covalentlytype (for review, Lewis, 1994).
to an unrelated DNA. Either a single RSS or a 12/23 pairThe lymphoid-specific factors RAG1 and RAG2 initiate
of RSSs can be transferred in a single event, and theV(D)J recombination by introducing a double-strand
transfer of a pair of ends takes place with a definedDNA break adjacent to the RSS at the border with the
5±base pair stagger. This reaction is in many ways paral-coding DNA, producing a blunt-cut signal end and a
lel to the ªcut and pasteº strand transfer by transposonshairpin coding end (reviewed in Gellert, 1997). The later
such as the bacterial Tn7 and Tn10 elements.processing and joining of cleaved signal ends and cod-
ing ends is carried out largely by cellular factors involved
more generally in repair of double-strand DNA breaks Results
(Bogue and Roth, 1996). In vivo studies have demon-
strated that coding ends are processed and joined rap- Transposition by RAG1 and RAG2
idly, forming coding joints that are usually imprecise. In We previously developed an oligonucleotide-based
contrast, signal ends can persist for many hours (Rams- assay to demonstrate the formation of a synaptic paired
den and Gellert, 1995) before they are ligated to form complex (PC) in which a 12-spacer and a 23-spacer RSS
precise signal joints, possibly because they remain are held together by the RAG proteins, aided by the
bound by the RAG proteins. nonspecific DNA binding protein HMG1. This complex,
In vitro, cleavage by the RAG proteins occurs in two which contains the RSSs prior to cleavage, can be as-
distinct steps (McBlane et al., 1995). First, the DNA is sembled from two separate oligonucleotides in condi-
nicked at the 59 end of a signal heptamer, adjacent to tions that do not support cleavage (with Ca21) and can
then be activated for cleavage by the addition of Mg21
(Hiom and Gellert, 1998). This system can be used to*To whom correspondence should be addressed.
²These authors contributed equally to this work. examine the ability of the RAG proteins to transfer RSSs
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Figure 1. Schematic Representation of One-Step Transesterifica-
tion Reactions Carried out by the RAG1 and RAG2 Proteins
In the formation of hairpin coding ends, the 39-OH group of a nicked
intermediate is used to attack the phosphodiester bond directly
opposite in the other DNA strand (van Gent et al., 1996a). Similarly,
hybrid joints are formed by using the 39-OH group of a cleaved
signal end to attack the phosphodiester bond of the hairpin coding
end, resulting in covalent attachment of signal and coding ends in
one strand. The RSS is denoted by a black triangle.
to a second DNA, because incubation of radioactively
labeled oligonucleotides with a larger DNA should result
in the transfer of label to the high molecular weight
species.
Paired complexes were assembled by incubating 32P-
labeled 12-RSS DNA and unlabeled 23-RSS DNA (each
with 16 bp of coding DNA) with the RAG proteins and
HMG1 in a Ca21 buffer. Complexes were then activated
Figure 2. Transpositional Recombination by RAG1 and RAG2 Pro-
for RSS cleavage by the addition of Mg21 in the presence teins
or absence of pBR322 DNA. Analysis of the deprotein-
(A) Paired complexes (uncleaved) or signal end complexes (pre-
ized products by agarose gel electrophoresis (Figure cleaved) were assembled from oligonucleotide substrates as de-
2A) revealed that two slow migrating DNA species scribed in Experimental Procedures. Transposition into a pBR322
target was examined in the presence of buffer containing eitherformed when target DNA was present. The mobility of
Mg21 (lanes c, d, g, and h) or Ca21 (lanes a, b, e, and f). Nickedthese species corresponded to pBR322 nicked circles
circle (nc) and linear (lin) plasmid DNA markers are indicated.(upper band) and linear molecules (lower band). Strand
(B) Schematic representation of one-ended and two-ended insertiontransfer of one RSS would nick the target DNA and yield
of fragments with recombination signal sequences (RSS) into a cir-
a species with essentially the same mobility as a nicked cular DNA target. During transpositional recombination the 39 end
circle, because the added 12-RSS branch is only 38 of either one or two cleaved RSSs becomes covalently attached to
the target DNA. Since the cleaved RSS oligonucleotide is only 38nucleotides long. Strand transfer of both RSSs is ex-
bp long, the one-ended insertion product will migrate like a nickedpected to produce a linear DNA (with an RSS attached
circle during agarose gel electrophoresis. The strand transfers inat each end) if the two insertions are in opposite strands
two-ended insertion are staggered. This reaction generates a linearat sites very near each other, as is generally true of
molecule with signal sequences covalently attached by a single
transposition reactions (Figure 2B). Other transposase strand at each end.
proteins have also been shown to carry out either single- (C) 12-spacer and 23-spacer RSSs integrate at random positions in
both strands of the pBR322 target DNA. Sites of RSS integrationor double-ended insertion (see, for example, Savilahti
were amplified and cloned using primers complementary to eitheret al., 1996). As expected, strand transfer was only ob-
the 12 RSS or the 23 RSS together with primers complementary toserved with Mg21, which supports RSS cleavage, and
either strand of the target (primers a, b, c, and d). Cloned DNAsnot when Ca21 was the only available divalent cation
were sequenced to determine the point of insertion. All integrants
(Figure 2A, lanes b and d). contained the RSS (bottom strand) sequence 59-CACAGTG-39 cova-
To further examine these target dependent products, lently joined to the target DNA at the 39 end. Insertion sites for 12
RSS and 23 RSS (white and black triangles ) are shown.we looked at the strand connections between donor
and target DNA. Insertion site sequences were amplified
by PCR with one primer complementary to the interven-
ing sequence of the donor DNA and various primers showed joining of either the cleaved 12-spacer or 23-
spacer RSS to the target DNA into either strand and atcomplementary to the pBR322 target. Amplified DNAs
were cloned and sequenced. Sequence analysis clearly a variety of sites (Figure 2C). In all cases, the 39 end of
DNA Transposition by the RAG1 and RAG2 Proteins
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Table 1. Insertion Site Sequences for RAG-Mediated Strand
Transfer into pBR322
59- -39
TTCATACACG *GTGCCTGACT
GCACCTGTGG *CGCCGGTGAT
CGACTCCTGC *ATTAGGAAGC
CTGGTAAGAG *CCGCGAGCGA
GTGAATCCGT *TAGCGAGGTG
TGTAAGCGGA *TGCCGGGAGC
ACCATATGCG *GTGTGAAATA
TCTCAAGAAG *ATCCTTTGAT
TAAATCAATC *TAAAGTATAT
AACCAGCCAG *CCGGAAGGGC
* denotes covalent attachment of fragment ending in 12-RSS
heptamerÐCACTGTG-39.
the heptamer (59-CACTGTG-39) was joined directly to
Figure 3. Both 12-Spacer and 23-Spacer RSSs Are Required for
pBR322 DNA. We observed no preference for integration Transpositional Strand Transfer
at particular target sites, although a preference for G-C Complexes of the RAG proteins were assembled with both 12-
base pairs on both sides of the integration site was spacer and 23-spacer signal end substrates (lanes a-h), 12-spacer
noted. The sequences of the ten base pairs centered on signal ends only (lanes i and j), or 23-spacer signal ends only (lanes
k and l) as described in Experimental Procedures. Substrates werethe insertion sites shown in Table 1 were approximately
39 end-labeled on either the top strand of the 12 signal end (lanes65% G-C, whereas the overall base composition of
a-d, g-j) or the 23 signal end (lanes e, f, k, l) as indicated. TargetpBR322 is 50% G-C.
DNA was either pBR322 (lanes b, d, f, j, and l) or pUC19 (lane h).
Deproteinized reactions were examined by electrophoresis through
a 1% agarose gel as described. Markers for linear pBR322 andStrand Transfer Is Mediated by Signal
linear pUC19 are shown as well as a l HindIII ladder.End Complexes
After RSS cleavage, the cleaved signal ends remain
bound by the RAG proteins in a signal end complex
(Figure 3, lanes d and f). Hence, the SEC appears to be(SEC) (Agrawal and Schatz, 1997; Hiom and Gellert,
the functional complex for transpositional strand trans-1998). We therefore tested the ability of the precleaved
fer into a DNA target.signal end complexes to carry out the strand transfer
reaction. As with the PC, the SEC can be assembled
from oligonucleotide DNA substrates (Hiom and Gellert, Transposition Occurs by Nucleophilic
Attack of an OH Group1998). When SECs were incubated with the RAG and
HMG1 proteins and a plasmid DNA, we again found the The transpositional strand transfer of RSS DNA was
reminiscent of the reactions of bacterial transposonsnicked circle and linear products of strand transfer. The
mobility of these slower migrating product depended such as Tn7 and Tn10, where double-strand breakage
at the transposon end is followed by attack of the acti-on the size of the target DNA, being faster with pUC19
(2.68 kb) than with pBR322 (4.36 kb) (Figure 3, compare vated 39-OH group from the donor DNA on the phospho-
diester backbone in the target DNA (reviewed in Mizu-lanes f and h). However, unlike the PC, the SEC was
able to transfer the RSS ends in Ca21 as well as in Mg21, uchi, 1992a, 1997). We asked whether a 39-OH group
was also required for the transposition of RSSs by theindicating that the requirement for Mg21 was bypassed
if the RSS was precleaved (Figure 2A, lanes f and h). RAGs. To address this question, we assembled SECs
from oligonucleotides in which the 39-terminal deoxy-Hence, the RSS strand transfer can be divided into two
steps: RSS cleavage, which is Mg21-dependent and cor- guanosine was substituted by a dideoxyguanosine. This
replaces the attacking 39-OH group with a hydrogen.responds to the excision step of a transpositional reaction;
and a Mg21-independent strand transfer step, which in- We then performed reactions in which either or both
signal ends of the SEC contained a 39 dideoxy group.tegrates the cleaved signal ends into the target DNA.
Transposition of the RSSs was rather efficient, with When either the 12- or 23-spacer RSS had a dideoxy
end, the main product was the nicked circle, consistentabout 2%-5% of the donor DNA forming strand transfer
products. The reaction required both the RAG1 and with insertion of only a single RSS into the target (Figure
4, lanes d and h). (The small proportion of double inser-RAG2 proteins (Figure 3), and HMG1 (data not shown),
and both the 12-spacer and 23-spacer RSSs. It was very tions presumably resulted from 12/12 or 23/23 com-
plexes; compare with Figure 3). When both signal endsinefficient when either the 12- or the 23-spacer signal
end alone was present (Figure 3, lanes j and l). The contained a dideoxy residue we observed no strand
transfer at all (Figure 4, lanes j and l). This confirmedrequirement for a 12/23 pair was also true for uncleaved
RSSs (data not shown). We interpret these results to our earlier conclusion that the nicked circle and linear
products corresponded to single- and double-endedmean that synapsis of RSSs is required for strand trans-
fer. Individual labeling of the 12-spacer and 23-spacer insertion. Furthermore, it demonstrated that a 39-OH
group is absolutely required for RAG-mediated strandcleaved signals demonstrated that the efficiency of
strand transfer/integration by either RSS was similar transfer.
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Figure 4. A 39-OH Group Is Required for Transpositional Strand
Transfer
Cleaved signal end substrates were synthesized in which the termi-
nal deoxyguanosine (39-OH) nucleoside of the bottom strand was
substituted by a dideoxyguanosine (39-H). Signal end complexes
containing combinations of deoxy and dideoxy signals (as indicated)
were assembled and transposition carried out with a pBR322 target,
as described in Experimental Procedures. Products were analyzed
by electrophoresis in a 1% agarose gel. 32P-labeled signal end sub-
strates (39-end, top strand) are denoted by an asterisk. Deoxy (d)
and dideoxy (dd) substrates are indicated. Linear (lin) and nicked
circle (nc) products are shown.
Two-Ended Insertion and Target Site Duplication
In vivo, the pair of 12-spacer and 23-spacer RSSs cho-
sen for recombination is normally containedon the same
DNA molecule. Two-ended transpositional recombina-
tion from such a donor into a plasmid would produce
a circular molecule containing a fully integrated RSS-
Figure 5. Target Site Duplication in RAG-Mediated Transpositionflanked DNA segment, rather than a linear product as
(A) A linear recombination substrate (MM101) was generated byseen with the oligonucleotide donors. To look for the
PCR using primers DAR4 and DAR5 (not shown). This substrate
formation of such fully integrated circular DNA products, contains both a 12-spacer RSS (white triangle) and a 23-spacer RSS
PCR was used to generate a linear, uniformly 32P-labeled ( black triangle) flanked by 101 bp and 174 bp coding flanks. Coupled
recombination substrate (MM101) of 543 bp, with the cleavage generates a fragment of 268 bp with two signal ends.
(B) Transposition of signal ends into pBR322 target is shown. Reac-12-spacer and 23-spacer RSSs separated by 268 bp
tions were performed as described in Experimental Procedures in(heptamer to heptamer) of intervening DNA (Figure 5).
the absence (lanes a and b) or presence of RAG proteins, and withTransposition was again assayed by incubating this
(lanes a and c) or without (lanes b and d) pBR322 target DNA. DNA
32P-labeled DNA with the RAG1, RAG2, and HMG1 pro- products of two-ended insertions from separate donor molecules
teins in the presence or absence of unlabeled pBR322 or from the same donor molecule (intramolecular) are depicted.
DNA. (This transposition was somewhat less efficient (C) Insertion sites of intramolecular two-ended integration products.
Integrants were isolated as described in Experimental Procedures.than with oligonucleotide donor DNA; there was about
Sequence analysis revealed a 5 bp target site duplication (duplicated1% strand transfer overall.) Analysis of these reactions
sequence is bounded by the dashed lines). Insertion sites for theby agarose gel electrophoresis revealed two large 32P-
12 RSS (white triangles) and 23 RSS (black triangles) are shown.
labeled DNA species formed in the presence of the tar-
get (Figure 5B). Comparison to DNA markers indicated
that the faster migrating of these two products resulted produced a unique target site duplication, we analyzed
the DNA sequences flanking individual integrants. First,from the coupled insertion of RSSs from two separate
donor molecules into the same target DNA molecule, we identified two-ended integrants into plasmid pZErO-2
by a genetic screen. This plasmid encodes the ccdBproducing a linear DNA with donor fragments on each
end. The mobility of the slower migrating DNA species gene, which is lethal when expressed in certain strains
of E. coli. Transpositional insertions that inactivated thewas consistent with two-ended insertion of RSSs con-
tained on the same donor molecule. ccdB gene should allow propagation of the plasmid.
Products of transposition reactions carried out with theEarlier work on various transposons has shown that
the insertions of the two ends into opposite strands of MM101 donor DNAdescribed above and plasmid pZErO-2
were transformed into E. coli TOP 10 and plated withthe target DNA are staggered by a few base pairs. Repair
of these insertions produces small regions of duplicated kanamycin to select for retention of the pZErO plasmid.
Transformants were then screened for the presencetarget sequence flanking the integrated DNA sequence.
To investigate whether RAG-mediated transposition of the transposed DNA by colony hybridization using
DNA Transposition by the RAG1 and RAG2 Proteins
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32P-labeled probes containing 12-spacer or 23-spacer transposon Ascot-1 (Colot et al., 1998). The similarity
of coding joint formation in V(D)J recombination to theRSS sequences. Sequence analysis of these integrants
showed that two-ended insertion produced a 5 bp dupli- rejoining of chromosome ends after excision of plant
transposons was previously noted (Thompson, 1995).cation at either end of the inserted DNA sequence (Fig-
ure 5C). Again we observed no discernible sequence Transposition by Tn10 has also recently been shown to
proceed via a hairpin intermediate (A. K. Kennedy, A.specificity, but a strong preference for G-C base pairs
surrounding the insertion site. Guhathakurta, N. Kleckner, and D. B. Haniford, personal
communication), although in this case the hairpins are
formed on the transposon ends. The linkage of hairpinDiscussion
formation with transposition in these several systems is
a striking example of the versatility of transesterificationRAG-Mediated Transposition and Recombination
Soon after V(D)J recombination was described, a possi- reactions.
The presence of a defined duplication in the two-ble relation to transposition was suggested based on the
similarity of the RSSs to the inverted repeat sequences ended insertions implies the presence of an organized
transpositional complex such as is found in other trans-typically found at transposon ends (Sakano et al., 1979).
The chemical similarities between the reactions of the position reactions. The particular duplication length of
5 bp also has precedents, being the same as in theRAG proteins and those of transposable elements
strengthened this relationship (Craig, 1996; van Gent et bacterial transposons Tn1000 and Mu (Mizuuchi, 1992b).
Although target sites for RAG-mediated transpositional., 1996a). A further link was established by the resem-
blance between the formation of hybrid and open-and- are not specific, there does appear to be a strong prefer-
ence for GC-rich sites.shut joints by the RAG proteins and the dis-integration
reaction catalyzed by HIV integrase (Chow et al., 1992; In normal V(D)J recombination the signal ends are
eventually ligated head-to-head to form signal joints inMelek et al., 1998). In this work, the relationship is ex-
tended by demonstrating that the RAG proteins can a process that depends on several factors of the double-
strand break repair pathway as well as the RAG proteinsactually carry out transpositional strand transfer.
The requirements for strand transfer are simple. In (Bogue and Roth, 1996). As it is now evident that the
signal ends can alternatively be diverted into the trans-addition to the RAG proteins, only the nonspecific
DNA-binding protein HMG1 is required. The attack on positional reaction, it will be interesting to study factors
affecting the balance of these two pathways in the cellu-the target DNA can be either one-ended, leading to a
branched molecule, or two-ended (Figure 2B). Sequence lar environment. It seems plausible that cleavage at a
single RSS, or a failure of double-strand break repair,analysis of the products shows that it is the 39 end of
the cleaved RSS that becomes covalently linked to the could leave signal ends available for transposition, lead-
ing to interchromosomal translocations as is discussedtarget DNA, as is true for other transposition reactions
(Mizuuchi, 1992b). Consistent with this result, replace- more fully below.
ment of the last nucleotide of the RSS by a dideoxy-
nucleotide blocks integration of the donor DNA into the
Transposition and the Origins of Antigentarget, because it removes the attacking 39-OH group.
Receptor DiversityThe RAG1/2 transposase is distinct from many others
A role for transposition in the evolution of the Ig and TCRin being a two-protein assembly, whereas the majority
loci has previously been suggested (see, for example,consist of a single polypeptide chain. However, this ar-
Thompson, 1995). The RAG genes are found only inrangement is not unprecedented, because the Tn7
organisms with a combinatorial immune system, andtransposase also is made up of two separate proteins,
lower organisms contain no sequences with extensiveTnsA and TnsB (Craig, 1997).
similarity to these genes. These facts have been usedBecause of the strand polarity of RAG cleavage, with
to argue that the RAG genes and their RSS recognitionthe first nick leaving a 59 end on the RSS, the signal end
sequences might have been transferred together bycannot act as a transposition donor until cleavage is
transpositional means. This suggestion is strengthenedcompleted by cutting the other strand to expose the
by the close proximity of RAG1 and RAG2 in the genome39-OH. Since only fully cleaved RSSs can be donors,
(Oettinger et al., 1990). It is envisaged that such a primor-the RAG-catalyzed transposition appears to fall into the
dial element might have contained the RAG genescategory of ªcut-and-pasteº reactions typified by ele-
flanked by RSSs, so that the RAG ªtransposaseº wouldments such as the bacterial Tn7 and Tn10 transposons
have been transferred together with its recognition sites,or the P elements of Drosophila, which also initiate with
functioning as a complete transposon.a double-strand break and transfer the element to a
In the present-day arrangement, the RAG genes andnew site without leaving a copy in the original location
the RSS elements are unlinked, so transposition will(Mizuuchi, 1992b). RAG-mediated RSS cleavage might
relocate pairs of RSSs and the sequence contained be-therefore be viewed as the excision step of the transpo-
tween them but leave the RAG genes undisturbed. Thissition.
process could have contributed to the diversification ofA growing list of other transposable elements appears
Ig and TCR loci. If a pair of RSSs was transposed into go through hairpin intermediates, because short self-
germline cells into a site containing other RSSs (on an-complementary insertions are found in their excision
other chromosome or a sister chromatid), this wouldfootprints. This group includes the plant transposons
have multiplied the number of RSS-flanked elements atAc/Ds and Tam3 (Coen et al., 1989), the Drosophila ele-
ment hobo (Atkinson et al., 1993), and the Ascobolus that locus. Further multiplication could have occurred
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by repeated rounds of transposition or by unequal cross-
ing-over during homologous recombination. In addition,
RSSs at a single locus would also be expected to un-
dergo further rearrangement (inversions and deletions)
via RAG-mediated recombination between different pairs
of signals.
Transposition and Translocation
Chromosomal translocation is a well-known cause of
lymphoid malignancies, with various oncogenes becom-
ing physically linked to an expressed Ig or TCR locus
(for reviews, see Tycko and Sklar, 1990; Korsmeyer,
1992). Although some translocations have been associ-
ated with switch recombination (reviewed in Rabbitts
and Boehm, 1991) or with somatic hypermutation (Goos-
sens et al., 1998), a large number originate from aberra-
tions of V(D)J recombination. These translocations ap-
pear in cells where V(D)J recombination is active, and
one breakpoint is usually in either an immunoglobulin
or T cell receptor locus,at or near a site of V(D)J recombi-
Figure 6. A Pathway for Translocations Resulting from RAG-Medi-nation (typically a D or J segment of the IgH or TCRa,
ated Transpositional Recombinationb, or d loci). It was originally proposed that these events
One-ended RAG-mediated cleavage at an antigen receptor locusused a cryptic RSS on the partner chromosome and
(solid lines) generates a blunt signal end (black triangles) and arepresented a rare interchromosomal form of ªnormalº
hairpin coding end (one-ended cleavage is known to be relatively
V(D)J recombination (Tsujimoto et al., 1985, Aplan et al., frequent in cells [Steen et al., 1996]). Insertion of the cleaved signal
1990). In some cases an RSS can indeed be identified end into a random site on another chromosome (dashed lines) by
at the breakpoint, but often there is either no convincing transpositional strand transfer would generate a branched DNA
structure with a free 39-OH on the target DNA, as shown (step 1). ThisRSS or the nearest RSS-like sequence is too far away
branched structure chemically resembles the nicked intermediateto be usable. For these translocations it has been sug-
formed in normal RAG-mediated cleavage and therefore could begested that a V(D)J-induced break in an antigen receptor
further processed to generate a hairpin end and an interchromo-
locus might be accompanied by a random DNA double- somal junction containing the RSS (step 2). As this reaction is likely
strand break on the partner chromosome, followed by to occur within a complex which also contains the hairpin D or J
interchromosomal joining (Bakhshi et al., 1987; Boehm coding end from the original cleavage at the Ig or TCR locus, joining
of the two hairpin ends would then generate the reciprocal chromo-and Rabbitts, 1989; Tycko and Sklar, 1990). This path-
somal translocation (step 3). The putative oncogene sequence isway has been termed ªend donationº(reviewed in Lewis,
labeled ONC, and the D or J sequence resulting from the original1994). However, the source of the sporadic random
cleavage is also labeled.
breakage has never been clear, and its use to explain
this class of translocations is rather arbitrary.
We propose that the translocations involving only one
The model described above makes some testablepre-RSS may arise instead by RAG-mediated transposition.
dictions. The hairpin intermediate made in this schemeAs shown in Figure 6 (step 1), a one-ended transposi-
might be expected to introduce self-complementary ªPtion could link an RSS from an Ig or TCR locus to a
nucleotideº tracts in the oncogenic fusion, but as inrandom site on another chromosome. In the resulting
normal V(D)J recombination, only a fraction of the junc-three-branched structure, the branch with the exposed
tions would contain these insertions. In addition, in39-hydroxyl group is chemically analogous to a nicked
transposition-generated events, the reciprocal translo-RSS in normal RAG-mediated cleavage and could be
cation of the oncogenic fusion should contain an RSSfurther processed to generate a hairpin end and one
from an antigen receptor locus joined to a non-RSSinterchromosomal junction containing the RSS (Figure
sequence on the partner chromosome. Such reciprocal6, step 2). Since this break presumably occurs within a
products have not usually been subjected to sequencecomplex that also contains the hairpin coding end from
analysis. Further analysis of translocation sequencesthe original cleavage at the Ig or TCR locus, joining of
should allow these predictions to be tested.the two hairpin ends (Figure 6, step 3) would then gener-
Another class of translocations, seen both at the IgHate the reciprocal chromosomal translocation. An event
locus (Bakhshi et al., 1987) and the TCRd locus (Begleyof this nature would have to begin with cleavage at only
et al., 1989), may also be explained by a transpositionalone RSS, instead of the more usual coupled cleavage.
pathway. In these events, one translocated chromo-Single cleavages are about 20-fold less frequent than
some contains a D region and the upstream part of thecoupled cleavages, but they cannot be resolved by nor-
antigen receptor locus, the other containsa J (or anothermal V(D)J joining because of the absence of a cleavage
D) region and the downstream part of the locus, thepartner. The ends may thus be unusually available for
intervening segment is missing, and neither producttransposition. This mechanism is distinct from end do-
contains an RSS. Such translocations could result fromnation as it was previously described, because the
coupled cleavage at IgH D and J (or TCRd D1 and D2)breaks on both partner chromosomes are generated by
the RAG proteins. followed by a two-ended transposition that inserts the
DNA Transposition by the RAG1 and RAG2 Proteins
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Oligonucleotide DNA Donorsintervening segment with RSSs on its ends into the on-
Transposition was carried out in two stages. First, 12-RSS and 23-cogene site. The nicks left on either side could then
RSS substrates were incubated in binding buffer (25 mM MOPS [pHbe transformed into hairpins by the mechanism de-
7.0], 5 mm CaCl2, 75 mM potassium acetate, 1 mM dithiothreitol,scribed above. Joining of these ends to the D and J 100 mg/ml bovine serum albumin, 3 mg/ml HMG1 protein) for 20 min
(or D1 and D2) ends from the primary cleavage would at 378C to form paired complexes. Next, polyethylene glycol 8000
was added to a final concentration of 10%, and either 5 mM MgCl2produce the observed chromosomes and, paradoxi-
or 5 mM CaCl2 was added as indicated. Where stated, 100 ng ofcally, remove the RSS-flanked segment responsible for
plasmid DNA target was also added at this stage. Incubation wasinitiating the event.
continued for 30±60 min at 378C. Reactions were stopped by the
Translocation by such a transpositional mechanism addition of proteinase K and SDS and incubation at 378C for a
is expected to be rare, because most signal ends are further 15 min. Three microliters of 50% glycerol was added to each
ultimately incorporated into signal joints. From the view- reaction, and samples were analyzed by electrophoresis through a
1% agarose gel with a TAE buffer. Reactions with signal end com-point of potential harmful effects of translocations, the
plexes were carried out in an identical manner using precleaved 12-formation of signal joints in V(D)J recombination may
signal end and 23-signal end oligonucleotide donors (Hiom andfunction as a safety measure by occluding the reactive
Gellert, 1997).
signal ends.
The RAG-mediated transposition described in this Analysis of Insertion Sites
work provides insight into both the evolution of the anti- To examine the site of insertion of the transposed signal ends we
performed PCR using primers #1239, #1241, #1238, or #1240 (Newgen receptor loci and the origin of the aberrant re-
England Biolabs), which are complementary to sequences in thearrangements that may lead to lymphoid tumors. The
pBR322 target DNA, and primers DAR3 (23 RSS; 59-TGTACAGCCAGability of the RAG proteins to mediate two different out-
ACAGTGGAGTACTACCA-39) and LB3 (12 RSS; 59-GTTTTTGTTCCA
comes also demonstrates the remarkable versatility of GTCTGTAGCACTG-39), which are complementary to the transposed
the DNA transesterase proteins, which are conserved signal end DNA. PCR was carried out using the PCR master kit
(Boehringer) for 25 cycles (948C, 30 s; 608C, 30 s; 728C, 60 s). PCRthroughout evolution from bacteria to humans.
products were cloned using a TA Topo cloning kit (Invitrogen) and
transformed into competent DH5a cells (Life Technologies). DNAExperimental Procedures
was extracted from individual clones using a Qiagen Bio Robot 9600
machine and reagents. Sequencing reactions were carried out usingProteins
a DNA sequencing kit (PE Applied Biosciences) and M13 (-24) re-RAG1 and RAG2 fusion proteins (MR1 and MR2) were prepared as
verse primer (New England Biolabs)according to the manufacturers'previously described (McBlane et al., 1995). HMG1 protein was a
instructions. Sequencing reactions were analyzed using an ABI 310gift from R. Johnson (UCLA).
automated sequencer.
DNA Donors and Targets
Determination of Target Site Duplication
Uniformly labeled DNA donor MM101 was prepared by PCR amplifi-
Transposition reactions (15 ml) were performed as described above,
cation of plasmid pMS326 (Sadofsky et al., 1995) with primers DAR4 except with unlabeled linear donor substrate and 150 ng pZErO-2
and DAR5 (Ramsden et al., 1997), using PCR Master Kit (Boehringer) target DNA. Reactions were extracted with phenol/chloroform, pre-
and a-32P-dATP (NEN). Full-length substrates were purified by acryl- cipitated with ethanol, and resuspended in 9 ml TE (10 mM Tris, 1
amide gel electrophoresis. MM101 is 543 bp in length with the hep- mM EDTA). DNA (1 ml) was used in each of 9 separate transforma-
tamer motifs of the 12-spacer and 23-spacer RSSs separated by tions into TOP 10 competent cells (Invitrogen) performed in accord
268 bp. RSSs were bordered by 101 bp of ªcoding flankº DNA at with the manufacturer's instructions. Transformants were selected
the 12-RSS and 174 bp at the 23-RSS (Figure 5A). on LB plates containing 30 mg/ml kanamycin. Colonies were blotted
Oligonucleotides were synthesized using an Applied Biosystems onto nitrocellulose membrane discs and lysed by immersing in 10%
394±8 synthesizer and purified by polyacrylamide gel electrophore- SDS solution for 10 min. Membranes were then immersed in 0.5 M
sis under denaturingconditions. Oligonucleotidesubstrates were 39- NaOH, 1.5 M NaCl for 5 min to denature the DNA and neutralized
end labeled with 32P-cordycepin (NEN) using recombinant terminal for 5 min in0.4 M Tris (pH 7.4), 23 SSC. Membranes werecrosslinked
deoxynucleotidyl transferase (GIBCO Life Technologies) on the top for 1 min using a UV Stratalinker (Stratagene). Blots were hybridized
strand as previously defined (Hiom and Gellert, 1998). Precleaved to 10 ng of 32P labeled probe, either LB3 (12-RSS) or DAR3 (23-
12-signal end and 23-signal end substrates have been described RSS), for 2 hr at 608C and then washed once for 15 min at 608C in
(Hiom and Gellert, 1998), and the 12-spacer RSS and 23-spacer 43 SSC and three times for 15 min each at 608C in 23 SSC, 0.2%
RSS substrates with a 16 bp coding flank were previously used SDS. 32P label was detected by autoradiography. Clones positive
(McBlane et al., 1995). Signal end substrates containing 39 dideoxy for both LB3 and DAR3 were isolated and their DNA sequenced as
termini were synthesized as above except using a dideoxy GTP described above using primers JH129 (59-CTCACCAATAAAAAACG
column (Glen Research). pUC19 DNA was purchased from New CCCGGCGGC-39) and JH130 (59-GAGAACTTTGGAATCCAGTCCC
England Biolabs, pZErO-2 was purchased from Invitrogen, and TCTTCC-39).
pBR322 DNA was a gift from Mary O'Dea.
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